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SUMMARY

The present final *echnlcal reportu deals with the results
on acid deoxyrlbonuclease obtalaea in this laboratory in the years
1961664 These investigations were sponsored by the U,S, Departuent
of Agrzculture.

The basic results obtained have been the following:s

a) the éemonstration that acll DNfase can split both DLA strands at the
sane level szmultaneously, b) the zpecificity of neid thse- ¢) the
preparatlon of acid DNase (frow hog spleen) ac a homnogeneous protein;
d) the physic:l and chenical characterzvatmon of this enzyme; e) the
demonstration that the enzyme can split, veside DNA, ‘a synthetic
sﬁbstrata ,bige (pnnitrophenyl) rphosphate; f£) the inhibition of the
enzyme by polyribonucleot tides and by actlnonycln, g) the dewonstrat;on
of the dimeric structure of the enzyme; h) the demonstration of the
allosterie properties of the enzyme with respect to its synthetic
substrate.

The properties of acid Difase are such th-t this engyrics is extremely
interes: cing in at least the three following aspects ¢

a) the anatomy of DNA molecules at both the polynucleotide and
ollgonucleotide level; %) the problom of the recognition of nucleic
acid structures, both privary and secondary, by proteins;

c) the problem of the biological rple of DNases,
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INTRODUCTTON

The present article will mainly review the investigations
on acid deoxyribonuclease (DNase) carried out in the author s
laboratory during the pas’ eight years. This choice seems to be
justified by the following considerations: a) in the light of
our own results, most of the work which had been performed on
acid DNase in many laboratories, between the discovery of this
enzymatic activity in 1947 and 1959, has only historical inte-
rest; b) this "early" work has been already reviewed a number
of times (1-12); ¢) during the past eight years, only a very
small number of investigations on acid DNase have been reported
from other laboratories, and we have been in the both comfortable
and uncomfortable position of working almost alone in the field .,

The situation at the moment in which we started our work
has been summarized by Laskowski (11). Briefly, the facts known
at that time were the following. The existence of an acid DNase
activity, discovered independently by Cattheside and Holmes(13)
and by Maver andbGreoo (14-16), had been confirmed by other
authors, and the activity had been reported to be present in
other tissues (17-44). Several methos for the partial purifi-
cation of the enzyme had been proposed (45~53) and its iomic
requirements had been investigated to some extent (54-60). The
terminal oligonucleotides and the specificity of the enzyme had
been studied (54) and it had been shown that all fragments were
terminated in 3'~phosphates (54,58,60). The relevant findings
of previous workers will be mentioned, in the proper context,
in the following sections.

Ag far as the nomenclature is concerned, the early au-
thors referred to the enzymatic activity as to an acid DNase
activity. Iater the name DNase IT, intended to mean the second



type of animal DNase, was suggested for the acid DNage activity
(23) to contrast it with pancreatic DNase, which was called
DNase I. At the time of introduction of numbers for DNases,
iittle was known about their mechanism of action and nothing
about their specificity. 1In retrospect, it appears that this
terminology, chosen at the wrong moment and lacking any”clear
definition, has only added confusion to the literature. More
recently, DNases have been classified into 5'-monoester formers
and 3'-monoester Tormers (11), a division which is not identical
with that of DNases I and II, even if frequently it is assumed
to be so. Inuthe present article, we will stick to the original
ﬁomenclature.ﬂbur basic interests in acid DNage may be briefly
summarized as follows :-a) acid DNase is an enzyme of particular
interest in the study of the anatomy of DNA molecules at the
polynucleotide and oligonucleotide levels since it is endbwed
with a very special mechanism of action, namely the ability of
breaking simultaneously both DNA strands at the same leVei, as
ﬁell as with a very narrow specificity towards the base sequences
in DNA 3 along this line of research we also have developed new
fractionation techniques (such as chromatography of nucleic
acids on hydroxyapatite, 61-68, and of nucleotides, nucleosides
and bases on Polyacrylemide gels'69), and obtained new prepara-
tions of enzymes useful in sequence studies, (1ike spleen acid
phosphomonoesterases ~70-72° and Spleen exonuclease,73-74);.

b) acid DNese, a small protein molecule well characterized in
its physical and chemical properties, is a very appealing model,
beause of its dimeric structure, symmetry and allosteric pro-
perties, in the study of a basic biological problem, the reco-
gnition by proteins of nucleic acid structures, both primary
and secondary; c) enzymes with properties very similar to those
of spleen acid DNase seem to be present in all cells of euka~
riotic organisms (75-77); furthefmore, enzymes possessing the
characteristic ability of acid DNase of splitting both DNA
Strands, also exist in bacteria (76=79); we are very interested



in understanding the biological role of these enzymes. Our
investigations have been developed along the three lines of
research just meptloned. This review will deal, however, only
with a) the mechanism of action of acid DNase and b) the struc-
ture of acid DNase. We will not deal here with the biological
role of the enzyme, its dlstrlbutlon and its 1ntracellular lo-
calization.



II. MECHANISM OF ACTION OF ACID DNASE

A, Introduction

Three different phases may be distinguished in the degra-
dation of native DNA by acid DllAse :

a) The inktial phase, which is defined as the phase in which the
macromolecular and biological properties of DNA are dramatically
modified, whereas no change occurs in the spectral properties
and no acid-soluble fragments are formed. In terms of molecular
weight this phase extends from the initial moleéular weight
(which may range from 108‘to.106 daltons) to about 10° daltons.
This phase will be dealt with in Section C.

b) The middle phase, which is characterized by a hyperchromic
shift and the formation of acid-soluble oligonucleotides; mono-
esterified phosphate may be detected in this phase. The molecu-
lar weight of DNA in the middle phase is comprised between 105
and about 5.103 daltons.

¢) The terminal phase, which shows an extremely slow, further
increase in the hyperchromic shift and acid-soluble oligonucleo-
tide release. No definite end-point can be obtained for this
phase. The middle and the terminal phase will be discussed
in Section F. ‘

The degradation of native DNA by acid DNase may be in-
vestigated, like any other DNA degradation, using the following
methods

a) physical methods:'1) methods based on the macromolecular
properties of DNA: light-scattering, viscosity, sedimentétion,
electron microscopy; 2) methods based on structural properties
of DNA: ultraviolet spectroscopy, optical rotatory dispersion,
chromatography on hydroxyapatite;

b) biological methods: inactivation of infectious or trans—
forming activity;
¢) chemical methods: titration of secondary acidity of phosphate



groups; determination of acid-soluble oligonucleotides.

Two main difficulties are encountered in investigations on DITA
degradations: a) no single method can be used to follow the
entire course of the degradation; b) as far as the methods
based on the macromolecular properties of DNA are concerned,it
is imperative to know the limitations of each method, for ins -
tance the molecular weight range in which light~scatterihg
measurements are valid, or the concentration and velocity gra-
dient dependence of viscosity. Unawareness of these limitations
has often led to the publication of meaningless results.

B. Barly work

Our work on acid DNase started from the observati%%;in
our laboratory that DNA preparations having molecular weights
close to 1.106 could be'obtained by water extraction of the nu-
cleoprotein from chicken erythrocytes (M.Champagne, unpublished
results, 1959). This finding was reminiscent of other reports on
low-molecular-weight DNA'g existing in the literature, yet the
reproducibility of the molecular welghts obtained suggested that
these small DNA'g might be typical of non-reproducing cells,
éuch as chicken erythrocytes. This possibility was ruled out
by two experiments (G.Bernardi, unpublished results,1959) which.
showed that the low-molecular-weight DNA preparations were the
result of an enzymatic degradations: a) by using standard pre-
paration procedures, high-molecular-weight DNA preparations
coul@h%e obtained from chicken erythrocytes; b) incubation
of the,%olecular—weight DNA with the crude nucleoprotein ex-—
tract resulted in DNA degradation.

Work carried out in our laboratory in 1960 (80,81)
showed that DNA from calf thymus (820,W= 20.0 8 §W=6-5XTO6)
and chicken erythrocytes (8209W=27.5 S; M =8,0x10") could be
degraded by crude enzyme preparations from chicken erythrocytes.



The enzymatic activity showed a pH optimum close to 5.5 and

was strongly inhibited by Mg++. No appreciable amounts of dia—
lyzable nucleotides were formed during the digestion. The de-
graded DNA from both sources appeared to consist of particles
having a molecular weight M = 5.5 (0.5) x 10°. The Light-
scattering data were compatible with a solution of rods or
worm-like chains with a mass per unit length, M/L,of 20C = 20
daltons/A, a value corresponding to that of the B form of DNA
(82). The sedimentation coefficient was 5.8 S and the distribu~
tion function of the sedimentation coefficients was very narrow.

In further work (83-85) the crude enzyme preparation from
chicken erythrocytes was purified 200 times. Degradation of
chicken erythrocyte DNA by the more active enzyme exhibited all
the features previously found in the degradation of DNA by the
crude enzymic prepagagions except that now the plateau region
was absent;,instead,?molecular weight of DNA continued to drop
with simultaneous liberation of acid-soluble nucleotides and an
increase in the ultraviolet absorption at 260 mu. This phenome-
non, not detected when using the crude enzymic preparation, pro-
bably because of enzyme inactivation before the later stage
could be reached, strongly suggested that the chicken erythro-
Cyte enzyme was a DNAse. This interpretation was supported by
the fact that an acid DNAse preparation from calf thymus (86)
aegraded DNA in much the same way as the purified chicken ery-
throcyte preparation.

The most important feature of the degradation of DNA by
acid DNase shown by these early results was that the standard
deviation of the distribution of the sedimentation coefficients
was narrower at the 5.105 molecular weight level than at the
starting molecular weight, indicating that degradation was oc-
cuming according to a mechanism different from that of pancrea-
tic DNagse (see below). This finding encouraged us to carry out



a detailed kinetic study which will be summarized in the next

section.

C. Kinetics of the initial degradation of native DNA.

When native DNA is digested by pancreatic DNase, the
initial phase of degradation is characterized by a lag . period
during which bond splitting occurs, as indicated by titration,
but molecular weight and radius of gyration do not change, as
shown, for instance, by light-scattering and viscosity (87,88,
see fig. i)fﬁkinetic data can be treated according to Schumaker,
Richards and Schachman (88). These authors have given a general
theory for the degradation of multi-stranded polymers of any
initial distribution of moiecular weights. They have shown that
for the initial stage of degradation‘%he following equation
holds :

log (1=R) = n log p + constant (1)

where R = Mf/Mo’ My and Nb being the molecular weights at time
t and at time O, respectively; n is the apparent number of
strands, and p is the prbbability that any given bond . be broken
at time t. Bquation (1) shows that a plot of log(l-R) versus
1og p will have a slope equal to n. A more convenient plbt (89)
is obtained by replacing log(1l~R) by log(1l-R)/R in equation (1),
the ldter being a linear function of log p over a wider range
of R values. Then, if p = kt; k being a proportionality constant,
equation (1) becomes :

log(1-R)/R = n log t + constant (2)

For the particular case where b = 1, equation (2) becomes :

1 1
—_——— = k% (3)

M, M,



that is the reciprocal of molecular weight is a linear function
of t, as predicted by the statistical theory of random degrada-
tion of linear polymers of any initial molecular weight distribu-
tion. By plotting experimental data according to equation (2)

it can be shown that, in the'oase/of the degradation of native
DNA by pancreatic DNase, the apparent number of strands is
equal to 1.7-2.0 (fig.2). This means that the enzyme splits
native DNA according to a double-hit kinetics, introducing
breaks at random on one or the other strand. The la - - period
is explained by the factthat no molecular scission occurs until
two breaks take place one opposite (or almost opposite) to the
other. In sharp contrast with pancreatic DNase, acid DNage
initially degrades native DNA according to "single-hit" kine-
tics as unequivbcally shown for the first time by ourvwork(83—
85; see Table I and figures 3 and 4). Indeed, the degradétion
takes place without any time-lag (fig.3) and more significantly,
when data are plotted according to equation (2), the apparent
number of strands, n, is found to be equal to 1 i0.1(fig§4,and
Table I). The single-hit kinetics obtained with acid DNase was
found, without exception, in all cases studied so far in our
laboratory, in spite of differences in the sources, prepération
procedures and concentrations of both DNA and enzyme samples
used (76,85,90) as well as in the techniques used : these were
essentially light-scattering (used in the proper operati@g
range,91) and viscosity (used in conditions under which both
concentration and shear dependence could be neglected). Inte-
restingly enough, the same initial kinetics was found when
using the enzyme at low ionic strength and neutral pH (see Table
I and p. 26 | | |

The single-~hit kinetics, first suggested to take place
on the basis of qualitative evidence by O%th, Fredericq and Hacha
(92), has been subsequently confirmed by the work of Young and
Sinsheimer ( 93), who investigated the degradation of lambda
phage DWA by zone sedimentation, and of Kates and Mc Auslan(94).



Table It Degradation of native DNA by acid DNAse preparationsa)

(85)
— Prepa- DI 4

DNA Sample Souroéb ) Ezzi—lgg( c) (u;r/lr?;\g_l) 2 g_6 I({ﬁ_) Enzyme ( d) n( e)

(1)B6z-N/1 E A 115 3,8 2080 ET3 1.0
(2)B13/24 E B 90 7.2 2900 IT3 0.9

(3)B13/30 T B 86 6.9 2900 ET3 1.0

(4)B13/46 E B 133 5.5 2570 ERW 1.1

(5)B13/52 B B 133 5.5 2570 ERP/3 0.9

(6)B6z-N/11  E A 65 3.8 2080 BT3/3 1,0

(7)B6/15 B A 75 4.9 2160 (t)HL1 0.9
(8)B3/57 T A 140 4.6 2120 ERW 1.1

(9)DL1 /176 c 2100 (t)HL1 0.9

(10)B6z-N/12 B A 62.5 3.3 2080 ET3/DFP 1.0
(11)B6/185 E A 5.4 2330 ($)HL1 0.9
(12)B13/74 E B 1930 ERW 0.9
E D 133 4.6 2400 ET2 1.0

(13)B11a/19

(a) All degradations were performed at room temperature (20-22°)
in the light-scattering cell, using astandard acetate buffer
as the solvent, except for samples 7 (acetate buffer,pH 5.4),
11 (0,005 il EDTA, pH 7.2), and 12 (phosphate buffer, pH 6.8,
4 = 0.004, containing 10~ M EDTA). |

(b) B, chicken erythrocytes; T, calfithymus; C, E.Coli.

(c) See Ref. 85 |

(4) ET3,celf thymus DNAse; ERW, calf spleen DliAse (Worthington);
ERP/3, hog spleen pure enzyme;ET/3, purified calf thymus
DNAse of specific activity 503 (t)HL 1, calf thymus DNase;
ET3/DFP, ET3 treated with diisopropylfluorophosphate.

(e) n is the apparent number of strands as calculated from the
slope of log(1—R)/R versus log t (88,89). ‘



Contrary to the suggestions of some authors (93,95)that
acid DNase only splits DNA according to single-hit kinetics,
the enzyme does degrade DNA according to both single-hit and
double-hit kinetics,?%ndicated by the following findings;

) Titration data (Richards and Bernardi, unpublished data)
show that, for a given decrease in molecular weight (dowh to
5.105), the number of bonds broken is larger than that expected
for pure single-hit kinetics, but much smaller than for double-
nit kinetics; in fact, ten to twenty breaks (a value likely to
pe overestimated for technical reasons) were found to be neces-
sary to halve the weight-average molecular weight of each parent
molecule of Mﬁ= 6.106, whereas 200 breaks are needed in pure
double-hit degradation (87) and 2.5 in pure single-hit kinetics
in order to obtain the same result. The ratio of "singlé"
breaks to "double"breaks, as estimated by titration, is $here-
fore less than 4-8. ‘

b) If the molecular weight decrease caused by acid DNase is
studied for a sufficiently?%%me, it can be seen that the ini-
tial linear increase of % with digestion time is followed by

a higher-order relationship (figure 5) when a molecular weight
of the order of 106 is reached. Since bond-splitting is linear
with time (Richards and Bernardi, unpublished data), this fin -
ding is incompatible with the existence of pure single-hit ki--
netics and is most easily explained by the superposition of

two different mechanisms of degradation; one of them, the sin-
gle~hit mechanism, is effective immediately in causing a de-
crease in molecular weight, whereas the second, the double hit
mechanism,which also starts immediately upon the addition of
the enzyme, becomes effective only after a time lag. A curve
similar to that of fig.5 was obtained by plotting the number

of breaks, as determined from the size distribution of degraded
T 5 DNA, against digestion time (see p.16 ).

c) If DNA samples, partially digested by acid DNase and ranging
in molecular weights from 4.10° to 1.106, are thermally denatu-



red, the relative molecular-weight decrease caused by heating is
found to be larger for the samples with a lower initial molecu-
lar weight (fig.6; Table II)., These results may be explained by
the fact that strand separation, occuming at high temperature,
forms more single;stranded fragments from partially digested

DNA than from intact DNA, because of the presence in the former
of a certain number of "nicks", introduced by the double-hit
action of the enzyme. The data of Table II allow an estimate

of the ratio of total bonds broken to bonds broken 2; the

single hit kinetics; unfortunately this calculatior of limited
value since it is baselon the simplifying assumptions that

1) strand separation upon heating is complete; 2) no hydrolysis
occurs; 3) no interchain reassociation occurs upon cooliﬁg.

In spite of the assumptions made, and probabiy be-
cause of a compensation of errors,the calculation of Table II
provides a ratio of "single" breaks to "double" breaks lower
than one which is compatible with that obtained from the ti-
tration data.

While the double-hit mechanism is essentially iden-
tical with that exhibited by pancreatic DNase and does not need
any special comments, several hypotheses may be put forward to
explain the single-hit mechanism of degradation:

a) the enzyme splits at random one or the other DNA gtrand and
the single-hit kinetics is due to the presence of some strand
separation at the acid pH used in the enzymatic digestion(92)
or of interruptions in the DNA gtrands; these p0831b111t1es may
be ruled out (85).

b) the enzyme is able to split simultaneously and at the same
level both DNA strands (if the two bmeaks are successive, this
would show up as double-hit kinetics); two possibilities may be
considered: 1) the enzyme has one active site and splits the
‘two strands at the same level in extremely close succession;



Table II Degradation'of DNA by acid DNase

Digestion  Native DNA Denatured DNA Hits :denatured DNA

time Mo 10-0 Hits(a) M Tomd Hits(a) Hits native DNA
0 3,80 - 2.20 - -
30 2.35 1.86 1.16 2.70 1.45
60 1.75 3.51 0.75 5.82 1.66
90 1.45 4,86 0.54 Se24 1.90

a) Hits per parent molecule, calculated according to Charlesby!'5
(96).
Equation

(M)t - I

(Mw)o I+ 1 p (4)
3

where p is the average number of hits

Since one hit per native DNA molecule corresponds to two breaks,
the values reported in the last columm indicate a ratio of
"single" breaks over "double" breaks lower than one. It is not
known whether the trend for the ratio to increase with diges-
tion time is significant. This table is taken, in pact, from
Bernardi and Sadron (85).



2) the enzyme has two active sites and splits the two chains

simultaneously.

We thought that the latter explanation was the
correct one and put forward the hypothesis that acid DNase
might be a dimeric protein molecule with two active sites, one
on each sub-unit (84,85). The enzyme would then be able to
split one DNA strand only at sites where the susceptible se-
quence exists on one strand, whereas its complementary sequence
ig resistant, and to split both DNA strands where susceptible
sequences exist at the same level on both strands; among:these
latter sequences one would expect to find A-T and/or G-C se-
quences, since these have complements which are
identical to themselves.

. In suggesting our model for acid DNase, we were
inspired by the results of lawley and Brookes (97,98) on the
degradation of DNA by bifunctional alkylating agents. These
authors showed that, under their experimental conditions, al-
kylation occurs at N7 of guanine, monofunctional agents yield-
ing T-alkylguanines, and bifunctional agents jelding, in addi-
tion, di(guaninyl)derivatives. This latter event only occurs
when two guanines are located 2s shown in fig.7. Alkylated DNA
decompoées with a loss of alkylated guanines and, subseqﬁently,
the corresponding phosphodiester bonds are hydrolyzed. The net
result is that alkylation by monofunctional agents gives rise
to a DNA degradation of the type obtained with pancreatic DNase,
whereas alkylation by bifunctional agentis causes a degradation
which involves both single and double breaks, thus simulating
the action of acid DNase.

A model for acid DNase including two active sites
per enzyme molecﬁle, each of which site binds a native DNA mo-
lecule and catalyzes its hydrolysis by both single-hit and
double~hit @egradation, has been recently proposed by Kates and
Me Auslan (94); it will be shown later (p.42) that this compli~—

cated model is incompatible with the size of the enzyme..



D. Statistics of degradation of native DNA

As a complement to the kinetic work just reported,
s statistical study of the molecular weight distribution du-
ringfthe degradation of native DNA by acid DNase was carried out.
This investigation (99) was done using chromatographycally pu-
rified "whole" DNA molecules from phage T5. The distribution
of the molecular lengths was studied by electron microsdoPy at
three different digestion times and shown to it what would be
expected from calculations by the theory of Montroll and Simha
(100). This is a statistical treatment for the size distribution
arising from the degradation of a sharp fraction of polymer mo-
lecules of finite size n. At a degree of hydrolysis such that
+ links have been broken, the number of s-mers, Ng, arising
from the hydrolysis of an n-mer (where s-mer and n-mer refer
to chains of s and n links, respectively) is:

w, =% (1 -p) 2+ (a-s) (1 -p) (5)

 where 1 - p = r/n. '

Theoretical distributions calculated for several different
aumbers of breaks for each original T5 molecule were tried
against each observed distribution, assessing the goodness of
fit by the X2 test. In each case X2 passed through a sharp mi-
nimum, indicating best-fitting values of 97, 231, and 832 breaks
for each parent 40-micron molecule at 30,90, and 160 minutes of
digestion (fig.8). The probabilities of fit were high, 50, 60,
and 83%, respectively. Thus the number of breasks required to
fit the data increases proportionally with the time of
digestion up to 90 minutes. The last point shows more splitting
than expected from a linear relaotionship of breaks yersus
time. Since fragments shorter than 0.05 to ‘0.1 micron could
not reliably be seen, this size was neglected in fitting the
distributions.



In conclusion, the statistics of degradation of
native DNA by acid DNase shows that : a) the action of the
enzyme results in a random distribution of sizes with no‘pre-
ferred sub-unit size (thus confirming that the 5.105 large
fragments originally seen, p.6 , derived from incomplete en-
zymatic digestion) and b) a plot of the number of breaks,
as determined from the size distribution, against digestion
time showed an upward curvature similar to that of fig.5, indi-
cating the coexistence of a single~hit and a double kit kine-
tics( p.l2 ).

An interesting additional result obtained from the
electronmicroscopic work was the confirmation that the fragments
have a double-stranded structure.

E. Relationship between MW, dRZ, s and of the DNA>fragments

obtained by acid DNage digestion.

Except for a small number of random "nicks", the
DNA fragments obtained by acid DNase digestion have the same
structure as native DNA, at least when their molecular weight
is higher than 105. They show the hyperchromicity, the melting
curve, the diameter (99), the mass/unit length (80,81) and the
chromatographic behavior on hydroxyapatite (65) typical of
native DNA. These fragments are therefore a very useful material
for a number of physico-chemical measurements. Figures 9 and 10
show the relationships which were established in the molecular
weight range 0,4 - 4.106 by Richards and Bernardi(84). These
fit the following equations ¢ |

S50 = 0.057 x w0382 (s in Svedberg units) (6)
b4
(n) = 0.835 x 10°% u'*172(n in 0GS wnits) . (7)
0.50
R =1.1 x ¥ (R in Angstrom units)(8)

Z



Interestingly enough, these relationships are not very diffe-
rent from those established by Doty, Mc Gill and Rice (102)
using sonicated DNA gsamples; it is known that sonication,like
acid DNase degradation, causes double breaks in the DNA mole—
cules. lore recently the problem of the relationships between
My, R,, s and (n) has been reconsidered (104-107) and slightly

Z
different equations have been proposed.

The interest of the relationships established by
Richards and Bernardi (84)lies in the fact that they were deter—
mined on DNA samples obtained by a degradation whose kinetics
and statistics are known instead of being compiled from Selected
results published from different laboratories.

I', The oligonucleotides obtained from DNA by acid DNase

digestion. Specificity of acid DNase.

Having studied in the previous sections the initial
phase of the acid DNase digestion, we will now consider the
middle and terminal phases and the related problem of the en—
zyme specificity.

A number of investigations have been devoted. to
this subject between 1954 and 1962 (108-112), but, in spite of
the remarkable efforts accomplished, no clear picture of the
average size and the size distribution of the fragments present
in the final digest emerged; furthermore the results concerning
the terminal nucleotides were quite contradictory. A thorough
investigation of this very difficult problem has been carried
out recently by Carrara and Bernardi (113,114) and Torti and
Bernardi (115). In this work, the homogeneous preparations of
acid DNase, obtained according to the method of Bernardi and
Griffé (116,117), as mod ified by Bernardi, Bernardi and Chersi
(118,119), were used instead of the partially purified prepa-
rations used by previous authors. Furthermore, new techniques
were developed (69) and new enzyme preparabtions were obtained



(70-T74) in order to study the digest and the specificity of
acid DNase; in the course of this work, several artifacts
incurred by previous authors were recognized. For these rea—
sons, the results obtained in our laboratory will be reported .
here; a comparison with the older data will then be presented.
When acid DNase digestions are followed by measur-—
ing the absorption increase at 260 mu (hyperchromic shift) and
the release of acid-soluble oligonucleotides, it is evident
(fig.11) that both phenomena are characterized by an initial
steep slope (middle phase) followed by a much shallower one
(terminal or slow phase), the ratio of the two slopes being
close to 100:1. The slowing down of the absorption increase
starts at a hyperchromicity of about 30%, and independent ex-
periments have shown that this is not due to inhibition of the
enzyme by the reaction products nor to enzyme inactivation.

When small enzyme concentrations are used, it is
possible to show (fig.11) an initial lagdime in both the:hyper—
chromic shift and the formation of acid-soluble oligonucleotide
(first reported by Fredericq, 95). As already pointed out (p.6)
it is during this time that the drastic macromolecular changes
of the initial digestion phase take place in DNA, "

As far as the terminal or slow phase is conderned,
we agree with Koerner and Sinsheimer (54), who first observed
it, that this is due to acid DNase itself, since the presence
of a trace contamination of exonuclease in the enzyme (which
might, alternatively, explain the slow phase) seems to be
ruled out by the fact that no increase in the very.gmall'
mononucleotide fraction (see below) is evident when digestion
times are longer and/or enzyme concentrations are higher.

It seems therefore that acid DNase can split very slowly,but
vStlgiedomlnaggé%nucleolyt1c way, some linkage of the fragments
Present in the digest.



The average size of the oligonucleotides present
in the early terminal phase (32-36% hyperchromic shift) was
estimated by determining the total phosphorus/terminal phospho~
rus ratio, using spleen acid phosphomonoesterases I and II
(70-72) or the total nucleotides/terminal nucleotides ratio
after spleen exonuclease (73,74) digestion of the dephospho-
rylated acid DNase digests. The average size was found to
range from 10 to 12 §114). As far as the size distribution
of the oligonucleotides is concerned, this was investigated by
chromatography of the digests on DEAL~cellulose columns, which
showed the following features (114; fig.12) : a) an initial
region of small and ill-defined peaks, representing about 3%
of the total ultraviolet absorption recoverad:; when loaded on
DEAE-cellulose columns equilibratéd with 0,01 M NH4 carbonate
pH 8.6, only about half of this material was retained. General-
ly, three peaks could be seen in this region of the chromalis—
gram : a first sharp peak (not shown in fig. 12) was formed Y
opalescent fractions corresponding to the breakthrough of the
urea solutions; two subsequent peaks, indicated by a and b in
fig.12 were identified as (probably pyrimidine and purire) mo-
nonucleotides; b) a series of well defined peaks, formed by
tri- to heptanucleotides, as shown by total phosphorus/mono-
esterified phosphorus and total nucleotides/terminal nucleo-
tides ratios: these peaks are labelled I to V in fig.12; the
total amount of fractions I to V is about 25-35% of the digest;
¢) .a very large, unresolved fraction, forming 65 to 75% of the
digest; the average size of the oligonucleotides present in this
fraction is certainly higher than 10, since it follows the poor-
ly resolved peaks of octa- and nona-nucleotides, and can be
estimated as close to 14-15, if the average size of the total
digest is' 10-12,

Our results on the average size and the size dis-
tribution of the "ferminal"digest differ very significantly
from those previouslyreported. The average oligonucleotide
Size of 10~12 found by Carrara and Bernardi (114) is not far



from that, 10, obtained by Koerner and Sinsheimer (54) at the
end of the fast phase, but is much higher than that reported
by other authors : Doskocil and Sorm (112) found a size of
about 4, and Vanecko and Laskowski found sizes of 4.5 (108)

and 6.2 (109), after elimination of mono~ and dinucleotides
from the digest. The difference between these results and ours
is particularly striking if the large fragments are considered:
for instance, Doskocil and Sorm (112) report that their highest
fraction (average size 7) formed 4% of the digest, whereas in
our case the large fragments (average size hizher than 7)formed
65-75% of the digest. '

The low aVerage sizes of the digests investigated
by previous authors and the presence of large amounts of mono-
and dinucleotides in those digests are the two features which
differentiate them from the digests studied in our laboratory.
Both phenomena seem to have Qriginated'from one or more of the
following artifacts : a)enzyme contamination: the presence of
exonuclease in acid DNase and phosphomonoesterase and of phos-
phomonoesterase in exonuclease seem to be responsible to a
large extent of the previous results; b) dephosphorylation
of 3'P-deoxyribonucleotides and breakdown of 3!P~oligonucleoti-
des during the concentration procedures from the volatile sol-
vents used; the occurence of these phenomena, which apparently
have escaped the attention of previous workers, has been clear-
1y established by Carrara and Bernardi (114).

In view of the above, differences in the results on
the enzyme specificity obtained previously and by us must be
expected. The results obtained in our laboratory are compared
with those of other authors in Table III,. Very relevant dif-
ferences are evident : for instance, we have found that pyri-
midine nucleotides form, at most, 20% of the 3! termini,
whereas a value about twice as high was reported by previous



TABLE III

TERMINAL NUCLEQOTIDES IN ACID DIGESTS

S——

Aufhors Koerner & Vanecko & Vanecko& Carrara& Torti &

Sinsheimer ILaskowski Laskowski Bernardi Bernardi

(54) (108) (109) (113) (114)
Average size 10 4.5 6.7 10-12
Method (a) (b) (a)  (c) (e)
31P/termini ‘ »
G 33.3 . 23.3 34 31 36-43
A 30.3 38.4 35 32 34-43
m 28,8 26,9 21 25 10-15
¢ 7.6 1.4 10 12 5.7
Method (a)(e) (b) (a) (4) . (a)
5'0H termini
G 33.0 27 31 30
A 20.6 20 19 20
T 22,7 12 15 15
¢ 23,8 41 35 35

(a)
(b)
(c)
(d)
(e)

after venom exonuclease digestion.
after pancreatic DNase digestion.

after phosphomonoesterase and spleen exonuclease digestion.

after phosphomonoesterase and venom exonuclease digest.

average size of the digest 13.9.



investigators. This result is not surprising in view of the
various artifacts incurred by them, since it corresponds to
the expected randomization of the termini. This phenomenon is
even more important for the 5'0H ends. |



III -~ STRUCTURE OF ACID DNASE

A Purification

A homogeneous acid DNase preparation was
from hog spleen by Bernardi and Griffé (116,117). This
preparation had a specific activity which was estimated (117)
to be about three times higher than that of the best partially
purified preparations previously obtained, namely those bf
Koerner and Sinsheimer (49), Shimomura and Laskowski (51), and
Fredericq and Oth (52). |

The method of Bernardi and Griffé (117) was later
modified by Bernardi, Bernardi and Chersi (118,119) in order to
reduce the labor involved and to increase the enzyme yield.In
both methods, the isolation of the enzymes involves :

a) the preparation of a crude enzyme, ad b) its chromatographic
purification.

A brief description of the more recent method(118)
follows. , |

The preparation of the crude enzyme (called crude
spleen nuclease II to distinguish it from the crude spleen nu-—
clease I obtained by the original method of Bernardi and Griffé,
.117) involved the following steps: trimming, grinding and
homogeneization of hog spleens with 0.05 M HQSO4; acidification
of the homogenate to pH 2.5 with 0.1 M HZSO4; 40% saturation
with (NH4)2SO4 of the supernatant from the previous step; dis-
solution of the precipitate so obtained in distilled water;
dialysis against distilled water, clarification, concentration
by freeze-drying and dialysis against 0.05 M phosphate buffer
at pH 6.8, '

Acid DNase activity was determined at the different
Steps leading to the crude enzyme preparation, and the results
are shown in Table IV, Two modifications of the procedure in
which 0,1 M HC1 and 0.15 M NaCl, respectively, replaced 0.05 M
'“HQSO4 in the extraction mixture, were also studied and the



TABLE IV

PREPARATION OF SPLEEN ACID DEOXYRIBONUCLEASE (118)

Values show total activities per kg of trimmed

spleen as determined on aliquots taken from a preparation at

the consecutive steps indicated in the first column. The super-
natants obtained by centrifuging products 1,2'and 3 at 8000 xg

for 1 h, and the aqueous solution of precipitate 4, were dia-

lized against 0.15 M Nall and assayed.

Preparation step Extraction procedure Dry(w§ight+
g
0.15 M NaC1 0.1 M HCI 0,05 M HZSO4

1 .Extraction 1270 3890 3880 4.1
2,Acidification to

pH 2.5+ 3170 4540 4100 2.9
3. 0.4(1\1114)230i

saturation™™ 2670 2940 3080 0.7
4. O.8(NH4)2SO4

saturation 3040 3600 3570 -

+ This column gives the dry weight of undialyzable material per
kg of trimmed spleen, as determined on the dialyzed products

mentioned above (005 M H2804 extraction).

++ This was done with 0.2 M HC1l for the extracts obtained with
0.15 M NaCl and O.1 M HCl.
+++ The low values found at this step are probably due to the
presence of residual 8042"5 this is an inhibitor of acid

deoxyribonuclease (54, 117).



enzymatic activities are also reported in Table IV, 0,1 M HG1
or 0,05 M H2304 are evidently more effective than 0.15 M NaCl
in extracting acid deoxyribonuclease; this is very probably due
to the fact that contact with the acid solution is effective in
breaking down the subcellular partiolés to which the enzymes
is bound in the cell. It is important to stress that the dif-
ference is, at least in part, due to the extraction of exo-
nuclease by the acidic solutions. The acidification step to
pH 2.5 is very effective in releasing more acid deoxyribonucle-
ase. This increase is smaller for the extracts obtained with
0.1 M HC1 or 0.05 M H2804, but it should not be forgotten that
spleen exonuclease is almost completely inactivated by this
step; the real increase in the amount of extracted enzyme 1is,
therefore, larger than ihat apparent from the table. |

Crude nuclease II is obtained in a yield of 0.2~
0.3g (dry weight) per kg of ground spleen. Its total DNase
activity is about 3000 units/kg of ground tissue, the specific
activity being about 10. The A280/A26O ratio of the crude
enzyme is equal to 1.3-1.5,

- The chromatographic purification (procedure C
developed by Bernardi, Bernardi and Chersi, 118 , to replace
procedures A and B of Bernardi and Griffé, 117), is summarized
in Table V. Figures 13-16 show the three chromatographic steps,
DEAE-Sephadex, Hydrégbatite and CM-Sephadex and the re-chroma~
tographies of the two activity peaks, A and B, obtained from
CM-Sephadex. .The central parts of the rechromatographed peaks
were loaded on Sephadex G-25 columns equilibrated with 0.001 M
acetate buffer, pH 5.0. The enzyme fractions were then concen-—
trated by freeze-drying down to solutions having A280 = 3,
frozen and stored at -60°,



TABLE V

CHROMATOGRAPHIC PURIFICATION OF SPLEEN ACID DEOXYRIBONUCLEASE
(PROCEDURE C) (118) '

The repbréﬂéata refer to preparation HS 11, All values qqfted

e
refer to the fractions which were processed further or toi%inal
product; the sides of the activity peaks were processed separa-

tely. Preparation HS 11 was obtained from 60 kg of spleen.

Weight Volume Total Total Specific

Fraction (g) (ml) units A280mu actiyity —
- . A280mdwelgnt
Crude spleen nucleaseIl 10 400 160 000 125 000 12.8 16
I, DEAE-Sephadex 0.935 725 105 000 1 625 64.5 112
II, Hydroxyapatite 0.193 425 61 500 225 273 = 318
III, Cl-Sephadex A™*  0.0185 20 7850 22,4 350 425
| Oi-Sephadex BY' 0,073° 30 31 000 88.5 350 425

+ Specific activity data given in this column were obtained by
dividing the activity (total units) by the dry weights(in mg)
of the enzyme preparations.

++ Values reported refer to fractions A and B, respectively.



level ang may‘be.removednby~anmadditional-chromatographic step
on -Sephadex GufOO.uWhenwtesting'thewaotivity of the enzyme. on
his(p»nitnophenyl)phosphate we»discoVEredwits"phosPhodiesterase"
activitieg (117;,see.below).

Wwere compared. No differenceswere found.in,the‘sedimeniation
Welocities,welution'volumewfrom SephadeX»G-iOO‘columns, wltra—~
violetA.spve-ct:t'a_.,..Qr.c:'uao.l.__reac:t.:f.ons2 enzymological Properties
(Dﬁase.and.phosphodiesterase~activities).uThewonly“difference
between the  two--components found.SOMfar.(besides their different
behaviour on CM;SephadeXucolumns,ﬁofmcourse), was that one par-
ticular.single trypticupeptide”spo%'of COmpdnent“A was resolved

by a lower'phosphate molarity;.The°peptide maps of the twp
fractions suggest. that component B.hags one more peptide bond



These findings may be explained tentatively by assuming
that the difference between A and B is due to the deamination
of an asparagine (or a glutamine)residue adjacent to a lysine
(or an arginine) by the acid treatment involved during the pre-
paration of the enzyme: the resulting peptide bond would be
resistant to trypsin. It is known that acid DNase is very rich
in amide groups (121) and that deamidation can occur at low pH
in a number of proteins.

To test this hypothesis three acid deoxyribonuclease pre-
parations were made using modifications of the procedure descri-
bed above. In preparation 1, HC1 replaced H2804; in preparation
2, the acidification step to pH 2.5 was omitted and 0.1 52804
was replaced by the same amount of 0.15 M NaCl. Preparation 3
was like preparation 2, except that 0.15 M NaCl replaced 0,05 M
H2304 in the tissue-homogeneization step. All these preparations
were carried through»the chromatographic purification (Procedure
C) and the amount of A and B components were estimated from the
elution curve obtained in the CM~Sephadex chromatography. Compo-
nent A; which represents about 20% of total deoxyribonuclease
when the enzyme is prepared according to the usual procedure,
decreased to'15—19% in preparation I, to 7% in preparation 2,

and was not present at all in preparation 3.

In the light of the above results, it seems possible that
the two chromatographic components of spleen acid DNage separa-
ted by Koszalka, Falkenheim and Altman(50) on Amberlite IRC-50
columns had an origin similar to that of our components A and Bj;
interestingly enough, these authors ad justed the extract. to
pH 4.0 with 5 N HZSO4.



B. Catalytic properties (117)

As already mentioned, acid DNase is active on both DNA and
a series of p-nitrophenyl phosphodiesters.
DNase activity. The pH-activity curves and +he ionic require-

ments of acid Difase have been studied in several laboratories
with rather strikingly different results (see, for intance, refs.
54-57). The differences in the pH-activity curves seem to be
due to their strong dependence upon the ionic strength and the
nature of the cations present in the incubation mixture (11),
whereas the differences found in the effects of Mg++, 804",
and EDTA appear to be associated with the widely different
amounts of foreign proteins in the enzyme preparations used
(76,77). |
Fig.1l7 shows the results obtained by Bernardi and Griffd (117)
with hog spleen acid DNase at u=0.15. No protecting proteins
were added when the enzyme solutions were diluted for this ex-
periment. The pE optimum was found to be close to 4.8, At a
0.01 M level, Mg'' is slightly inhibitory above pH 4.5, wlreas
EDTA is an activator. HPO4"" is slightly inhibitory above pH
5.0, and SO4—" is very strongly inhibitory, particularly above
pH 4.5. In succinate buffer, u=0.15, pH 6.7, the activity is
less than 3% of that in acetate buffer, pH 5.0, u=0.15. We
have confirmed the finding of Shack (37) that at low ionic
strength acid DNase is active at neutral pi. '

The occurrence of a dialyzable, heat-stable inhibitor in human
urine has been reported (122); this has been later identified
as sulfate ion (123,76). an activation of acid DNase by cyste-
ine was reported by Maver and Greco (15), but was not found by
Brown, Jacobs, and ILaskowski (20). YWe have confirmed that
cysteine activates acid DNase preparations



of specific activity higher than 50 (117). This effect, however,
was not apparent anymore when protecting proteins (serun albu~—
min and, specially, cytochrome c) were added to the engyme
solutions. Since acid DNase has no free sulfhydryl groups (see
Section.C) it is probable that cysteine protects the enzyme from
traces of heavy metals. As protecting protein, cytochrome ¢ is
particularly effective and we have used it regularly for this
purpose since we observed that chromatographic fractions in
which acid DNase was contaminated by cytochrome ¢ were particu-
larly stable.

Acid DNase iz strongly inhibited by actinomycin
(G.Bernardi, unpublished observations,1964) ; in contrast with
a recent report (24) claiming that actinomycin causes the saﬁe
estent of inhibition of both pancreatic and acid DNase, we _
found that acid DNase is much more inhibited by the chromopep—
tide than either pancreatic or E.coli DNase. The type of
inhibition of actinomycin upon acid DNase was studied and fige
20 shows a plot of reciprocal velocity versus inhibitor concen-
tration. Both this type of plot and the double reciprocal plot
of Lineweaver-Burk are those theoretlcally expected for the
case of inhibition by coupling of the inhibitor with the subs-—
trate but not with the enzyme. This is not unexpected in view
of the strong binding of actinomycin by guanylic acid residués
on DNA, The strong effect on acid DNase is quite understanda-
ble since guanylic acid residues are found in almost 50 % of
the 3'P terminal positions of the oligonucleotides (see Table
II1),

Phosphodiesterase activity. - The enzyme shows a weak
hydrolytic activity on Ca (bis-p-nitrophenyl) phosphate and the
P-nitrophenyl esters of thymidine-, deoxyguanosine-, and deoxy-
¢cytidine-3'~phosphates (the deoxyadenosine derivative was not
assayed) which are split with liberation of p-nitrophenol ; the
derivative of thymidine~5'-phosphate is resistant. The enzyme-
activity on the p-nitrophenyl esters of deoxyribo-




nucleoside phosphates mimics therefore its specificity towards
the natural substrate. To our knowledge, this is the first
case in which synthetic substrates for an endonuclease have
been described.

Using as a substrate Ca (bis—(p—nit;%henyl)phospha#eé,the
pH optimum was found to be between 5.6 and 5.9. In the 5.1-5.6
pH range, the activity in acetate is about twice as largé as in
succinate buffer. In the pH range 4.0-5.6 no significant:changes
occur upon addition of Mg2 + or Versene (fig.18); in the pH
range 4.0-7.0 8042" and HPO42" give a very strong inhibition
at a level of 0.01. It seems possible that the phosphodieste-
rase activity found by Koerner and Sinsheimer (49) t%‘elute
from celite columns together with acid DNase was due to this
intrinsic phosphodiesterase activity of the enzyme.

The following results show that the DNase and the
"phosphodiesterase" activities are carried by the same protein
molecule. ,

(A) Chromatography on Amberlite IRC-50,ClM-Sephadex, and Sepha-
dex G-50, and G-~100, ~ When running acid DNase prepared accor-
ding to Bernardi and Griffé (117) on these columns, only one
symmetrical peak was obtained and the ratio of the two acti-
vities was constant through the peak. On CM-Sephadex the enzyme
w8 eluted by a molarity gradient (0.1-0.3 M) of phosphate
buffer, pH 6.8. The runs on Sephadex G-50 and G-100 were per-
formed using 0.01 M acetate buffer, pH 5.0, and 0.001 M potas-
sium phosphate buffer, pH 6.8, respectively, as solvents. Ve
have mentioned already that the A and B components (see;§24)
obtained by the method of Bernardi, Bernardi and Chersi(118)
do not differ in their activities on bis~(p-nitrophenyl)phos-
phate and DNA .



Spleen exonuclease, when present, shows up as a sepura 2
peak in the chromatography on Amberlite IRC~50 and CM-Sephadex,
or as 2 partially separated component on Sephadex G-50 and
G-100.

(B) Thermal incativation. - Enzyme samples (0.4 ml;
CD280=0.148) were kept for 20 minutes at several temperatures
ranging from 25° to 75° in 0.15 M acetate buffer - 0,01M EDTA
pH 5.0, chilled in an ice bath, and used in digestion experiments
at 37°. The inactivation curves of both DNase and "phosphodi-
esterase" activities were identical. The thermal stability of
the enzyme was found to be lower at higher pH values, in agree-
ment with results of other authors ( 26, 49 ),

(¢) Sucrose~gradient centrifugation. ~ A constant ratio
of the two activities was found through the enzyme peak. When
spleen exonuclease was added to acid DNase, it showed up as =2
heavier component. This behaviour suggests that spleen exonu-
clease has a higher molecular weight than acid DNase; this is
also indicated by the fact that both on Sephadex G-50 and G-100
spleen exonuclease is eluted before acid DNase. More recent
experiments (74) confirmed this conclusion (see also Table VI).

(D)Inhibition by polyribonucleotides. — Some natural and
blosynthetlc polyribonucleotides behaved as competitive inhibi-
tors with respect to both enzymatic activities(see also p.30).
The activity on bis (p-nitrophenyl)phosphate seems to be 2 non-
specific activity of acid DNase; this activity is displayed by
at least two other spleen enzymes, which also have different
natural substrates : exonuclease and nucleoside polyphosphatase.
Table VI summarizes the properties of the phosphodiesterase
activity of these three enzymes ( 125). In view of the above
results, it seems that the claim ( and Hodes, per-
sonal communication 1966) that the phosphodiesterase activity
- 1s due to a contaminant may be disregarded.



TABLE VI

PROPERTIES OF ENZYMES ACTIVE ON BIS(P—NITROPHENYL)PHOSPHATE(129

Acid DNase  Spleen Nucleoside
Exonuclease polyphosphatas
1.8edimentation coeffioient(a) 3.4 4,6 3.2
2.pH 0ptimum(h) 5.6=5.9 5.8 6.8
3.Substrates
bis(p-nitrophenyl)phosphate + + +
p-nitfdphenylvesters of
thymidine-5' phosphate - - -
thymidine-3' phosphate + + +
native DNA + - -
ATP, ADP, etc - - +
3'~phosphate oligo-
nudleotides - + -
4.Inhibitors(b)
504—- + - -
polyribonucleotides + +(°) -
5.Thermal inactivation(50%) 60° 57°
6.Chromatographic properties
DEAB-Sephadex pH 6.8; 0.05-0.1M  pH6.8;
0.05 M KP 0.05 M KP
Hydroxyapatite pH 6.8; pH 6.8; |
0.3 M KP 0.12 M KP 0.12 M KP
CM~Sephadex pH 6.8; pH 6.3 pH 5.7;

0,2 M KP 0.2 M KC1 0,11 M KP

(a) As determined by sedimentation in sucrose gradient, using
cytochrome ¢ as a reference protein; enzymatic assays were
done on both bis(p-nitrophenyl)phosphate and the natural
substrates : the results were the same.

(b) Using bis(p-nitrophenyl)phosphate in 0.25 M succinate buffer
as the substrate.

(¢) The enzyme degrades polyribonucleotides to 3'P mononucleo-
sides; these are inhibitory.




C.Physical and chemical properties (116, 121, 126)

The physical and chemical properties of hog spleen acid
DNase were investigated using enzyme preparations obtained ac-
cording to the methods of Bernardi and Griffé (117) and Bernardi,
Bernardi'and Chersi (118)., The physical results are summarized
in Table VII, They indicate that acid DNase is a small globular
protein of molecular welght 38,000; its sedimentation coeffident
is 3.4 as determined both by measurements in the analytical
ultracentrifuge after extrapolation to zero concentration and
by sucrose gradient centrifugation, using cytochrome c as a
reference protein. In the latter case it was checked that reco-
very of activity was higher than 90%. This indicates that the
protein does not dissociate at high dilution. The sedimentation
coefficient found by us is significantly higher than that,2.7 8,
reported by Kates and Mc Auslan (94) for both spleen and Hels
cells acid DNase; we have no explanation for this lower value.
The isoelectric point is close to 10.2, as estimated by zone
electrophoresis on cellulose acetate.

The aminoacid analysis is reported in Table VIII, It shows
a high level of aromatic aminoacids, as expected from the high
extinction coefficient at 280 mu. The high ammonia content of
the acid hydrolysate suggests that a large percentage of the di-
carboxylic acids might be present in the protein as the corres-
ponding amides. Some preliminary work on pronase digests of the
protein confirmed itg high amide level. These findings explain
the alaline isoelectric point of the enzyme. An unexpected
result is the presence of glucosamine in the protein; in the
tryptic digests,the glucosamine residues(and also some ag yet
unidentified neutral sugars) are found in a single peptide spot.
Interestingly enough for the hypothesis of the dimeric struc-
ture of the enzyme, all aminoacids present at low levels were
found to ve present in an eveh number of residues per protein
Molecule. Since no free sulfhydril groups can be detected in
@cid DNase, both native and denatured, the eight half-cystine
Tesidues must form four disulfide bridges (126).



TABLE VII

PHYSTCAL PROPERTIES OF HOG SPLEEN ACID DEOXYRIBONUCLEASE(121)

S°20’W (Svedbergs) : 3.4
DZO,W (‘IO"7 cmz/sec)(a) 7.8
v(m/g) (P 0.72
M.W. 3,8 x 107
f/fo 1.34
gl%, 1 cm

280 mu | 12.1

(a) This value was obtained at concentrations of 0.5 % and
about 0.1% . '
(b) Value calculated from amino acid composition.



Table VIII -

Amino Acid Analysis of Hog Spleen Deoxyribonuclease. (121)

Grams of Amino Acid Residues per 100 g

of IE’ro*t:ein(a in Hydrolysis Time of s

Nearest
Mnles of Integral
Amino Acid Number
per Mole ,0Ff Residues

Corrected of Protein per Mole

22 hr 48 hr 72 hr Valu.es(b mw 38,000 of Protein (£)
ys 6.94 6.80 6.95 6.89 20.44 20
lis 2.13 2.7 2.31 2.20 6.08 6
NH ) (23.,05) (23.65) (24.06)  (22,5) (49.4) (49)
rg 5.04 5.55 5437 5.46 13430 13
sp 10,19  10.14 9.36 9.89 32.68 33
hr 5.44 5420 4.80 5.63 21.16 21
er 8.30 8410 7.18 8.46 36493 37
Lu 11,03 11,09 10.66 10.93 32,19 32
to 7.09 714 6451 6.91 27.05 27
ly 3.88 3.97 3.87 3.90 25.99 26
la 4.84 4.72 4.33 4,63 24,77 25
Cys 177 1.79 1.79 1,79 6.65(c) 8
1 2.62 3.33 3.35 3435 12.84 13
% 1.63 1.65 1.30 1.53 4.45 4
eu 2,08 2.49 2.52 2.52 8447 8
u 10,47  11.13 10.49 10.67 35.87 36
r 5.23 5¢17 4.83 5.28 12,31 12
B 6.30 6.56 6.07 6.31 16.30 16
y 6430 6.3(€) 6
icosamine 3,07 3.32 3.06 3.15 7445 (8)
fal 98.05 100,32 94.75  (99.50) 343
bcovery % 98.9 98.7 97.4

) Total N ig 17.2 % ; total S is 1.0 %.

(b) In calculating the corrected

nﬂes, the criteria given by Tristram and Smith (127) have been followeds

) The selection of the inte
bo account also results from other analyses.

hﬂn, cysteic acid 8.2 residues.

gral numbers of residues has been done taking

(d) After performic acid oxi-

(e) Prom N-bromosuccinimide titration,



De Inhibition by polyribonucleotides

Inhlbltlon by natural and biosynthetic polyribonucleoti~
des, of the type previously found for some bacterial DNases
(128—131) has been demonstrated to occur in the case of spleen
acid DNase (132, 133). The inhibition is, as in the case of
E.coli DNase (131), of the competitive type (fig. 19).

A In our experiments, which were performed at 37° in 0.15M
acetate buffer - 0.01 M EDTA, pid 5.0, the following products
were assayed for their inhibitory activity: yeast-soluble RNA,
rlbosomal RNA from Ehrlich ascites tumor cells, polyadenylic,
polyurldyllc, polycytidylic and polyinosinic acid and the ‘poly
A-poly U and poly I —~ poly C 1:f complexes. All these subu- ,
tances were generally used at a 10-100 ug level, the DNA pre-
sent in the incubation mixture varying from 200 to 800 ug.With
the remarkable exceptions of poly A and poly C, which did not
show any effect on the DNage activity, all polyribonucleotides
tested exhibited an inhibitory activity. This was very weak
with the single-stranded (134) polymer poly U. Inhibition is
specific and does not simply represent the binding of a pbly -
anion by a basic protein; in fact, some polyribonucleotideées
are ineffective as inhibitors, and an excess of cytochrome c,
a sirongly basic protein, in the incubation mixture does not
interfer with inhibition.

If one considers the structures of the polyribonucleo—
tides studied, it appears that those presenting co-parallel,
double-stranded structures, like poly A and poly C at pH 5.0
(135-137), do not inhibit, whereas those which have anti-paral-
lel, double-stranded structures like poly A - poly U and poly I-
poly C, or regions with this type of structure, like S-RNA and
ribosomal RNA do inhibit acid DNase (138,139).



It seems therefore‘that structures simulating that
of native DNA are endowed with the highest affinity for the
- enzyme. This conclusion has sone bearing on the symmetry of
the enzyme molecule (see pd4 ). The finding that polyribo-
nucleotides having single-stranded structures like poly U
have very weak inhibitory properties is reminiscent of the
fact that single-stranded DFA is a poorer substrate than double
stranded DIA. |

In the case of s-RNA, stoichiometric formation of en-
zyme-inhibitor complexes may be shown; the interaction between
seryl-5~BNA and acid DNase has been studied in detail and a
1:1 strong complex has been demonstrated ( work to be publi-

‘shed) .,

E. Dimeric structure and allosteric properties (138,139).

Unequivocal evidence for the dimeric structure of hog
spleen acid DNase was obtained in our laboratory(138) from both
physical and chemical investigations. Physical evidence for the
dimeric structure of the enzyme was provided by sedimentation
studies using urea- and guanidine-containing solvents. Table IX
shows the sedimentation coefficients obtained in several dis—
sociating solvents. At a 1% concentration, the sedimentation
coefficient, which is equal to 2.8 S in acetate or phosphate
buffers, drops to 1.75 8 and 2.1 § in 6 M guanidine at pH 5.6
and 8.6, respectively; these values support the idea that in
these solvents the enzyme molecule is dissociated into two
sub-units; in the presence of reducing agehts, like - ~merc apto-
ethanol, the sedimentation coefficient is still lower as expec—
ted; 1.5 S in 6 M guanidine and only 0.8 S in qug; ég}{%@ﬁ1xrea
both the dissociated and the undissociated protein kan be seen
(fig. 21). The fact that dissociation takes plac e also in the
absence of reducing agents indicates that none of the four di-
sulfide bridges found in the enzyme cross-links the two sub-
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TABLE 1IX

SEDIMENTATION COEFFICIENTS OF ACID DNASE

Solvents

0.15 I acetate buffer - 0.01 H EDTA,pH 5.0
0.25 M phosphate buffer, pH 6.8

0.15 I acetate buffer-0.01 M EDTA,pH 5.0
0.05 M B-mercaptoethanol

4 M urea

0.15 I acetate buffer-0.01 M EDTA, pH 5.0
0.1 M B-mercaptoethanol
8 M urea

0.1 M {tris-acetate buffer, pH 8.6
0.001 M EDTA

6 M Guanidine

O.1 M tris-acetate buffer, pH 8.6
0,001 M EDTA

0.1 M B-mercaptoethanol

6 M Guanidine

0.1 I acetate buffer, pH 5.6
G.001 M EDTA
6 M Guanidine

S200,y (c=1%)

2.8
2.8

2.6
0.8

0.8

2.1



units, which, therefore, contain two digulfide bridges each.

Chenical evidence for the dimeric structure of acid DNase
came from an investigation of the tryptic hydrolysate of the
enzyme. This was reduced, carboxymethylated, and digested with
crystalline trypsin treated with L-1-tosylamido-2-phenethyl-
chloromethyl~ketone to inactivate contaminating chymotrypsin
(an indispensable precaution in view of the abundance of aro-
matic aminoacid residues in the enzyne). '

In the map of the digest, 17-19 peptides were found
(fig.22) as opposed to 32-34 arginine + lysine residues féund
by Bernardi, Appella and Zito (121) in the supposedly dimeric
enzyme of molecular weight 38,000. Arginine, tryptophan and
hidstidine peptides were found to be present in half, or less
ﬁhan half, the number of the respective aminoacids in the dime-
ric protein. More recently (126), it was found that, upoh cya~-
nogen bromide degradation the engyme yields three peptides, as
éxpeoted from the presence of four methionines in the dimeric
enzyme. A study of the hydrolysis of bis (p-nitrophenyl) phos-
phate provided additional, although indirect, evidence for the
dimeric structure of acid DNase. In fact, plots of the initial
veocity of hydrolysis versus substrate concentration have a
sigmoidal shape, a phenomenon which is not found when using
DNA as substrate (fig. 23). This result indicates that the
system bis (p-nitrophenyl)phosphate-acid DNase exhibits a co-
operative type of substrate-~enzyme interaction or that, to use
the terminology of Monod, Wyman and Changeux (140), bis (p-
nitrophenyl) phosphate behaves as a homotropic allosteric
effector with respect to acid DNase. It is well know that allo-
steric phenomena are characteristically found in oligomeric en-
Zymes . ’

It appears therefore that, in agreement with our original
hypothesis based on purely kinetic results (84,85), acid DNase
is, indeed, a dimeric protein molecules with two (very probably)
identical sub-units, each of them carrying an active site.



Three types of acid DNase-~DNA complexes may be thought to take
place : a) an enzyme-inhibitor complex should be formed every
time thekenzyme molecule meets sequences, on both strands, which
cannot be cleaved, because of the specificity of the enzyme;
perhaps the phenomenon of inhibition of acid DNase by excess
substrate (138), is due to the formation of such complexes;
these are essentially identical to those formed between some
polyribonucleotides and acid DNase; ©b) an enzyme-substrate
complex I, formed by acid DNase and a site of native DNA in
which a sequence on one strand may be split, but not its comple-
ment on the opposite strand; c¢) an enzyme-substrate complexe II,
formed by acid DNase and a site of native DNA in which two com-
plementary sequences may be split; among these sequences one
would expect to find pfimaﬁly A-T and G-C sequences, both of
which seem in fact to be susceptible to the enzyme. These two
enzyme-substrate complexes would be, obviously, associated with
the double-hit and the singleéhit kinetics, respectively.

As far as the possible significance of the allosteric
properties of acid DNase in connection with its mechanism of
action on DNA is concerned, it is conceivable that an allosteric
transition in the quaternary structure of the enzyme may play
a role in facilitating the formation of the enzyme-DNA complex;
alternatively it may be thought that it favors the "second
splitting" in the double-breakage mechanism. An important
implication of mechanism of action of acid Dlfase and of the
antiparallel arrangement of the DNA strandc is that the enzyme
molecule itself must have a dyad axis of symmetry (139). The
observation that acid DNase is competitively inhibited by anti-
paralle, but not by co-parallel, double stranded, polyribo-
nucleotides (see p. 37) lends additional support to this pre-
diction, which is in agreement with the model postulated hy
Monod, Wyman and Changeux (140). As already mentioned, single-
stranded DNA!'s are much poorer substrates and single-stranded
polyribonucleotides are much poorer inhibitors than their
double-stranded, antiparallel,counterparts.



In conclusion, a schematic model of the acid DNase
molecule may be that of fig.24, which is taken from the paper
of Monod, Wyman and Changeux (140). In conhtection with this
model, it may be relevant to recall that the dimer of * -~lacto-
globulin, which has a molecular weight, 36,000, very close %o
that of acid DNase, has a distance between the two centers of
the monomer units equal to 18 A, as determined by X-ray crys—
tallography (141~ These data suggest that the dimensions of
acid DNase certainly are such as to permit the formation of an
enzyme substrate complex with native DNA (diameter 20 A) such
as postulated by our model, whereas they are difficult to re-
concile with the model proposed by Xates and Mc Auslan (94).



Fig. 1

Fig.2

Fig.3

Fig.4

Fig.B

Fig.6

Fig.T

TFig. 8

Digestion of DNA sample B11/2 with pancreatic DNase.
From Bernardi and Sadron (85).

Digestion of DNA sample B11/2 with pancreatic DNase.
Data of fig.? are plotted according to Schumaker et al
(88). From Bernardi and Sadron (85)

Digestion of DNA sample B6zN/1 with acid DNase (see
Table 1). From Bernardi and Sadron (85)

Digestion of Dili sample B6zN/1 with acid DNage. Data
of fig.1 are plotted according to Schumasker et al (88).
See also Table I. From Bernardi and Sadron (85).

Digestion of DNA sample B 13/45 with acid DNAse (see
Table I). From Bernardi and Sadron (85).

Heat denaturation of intact and partially digested DNA
(see Table II). A large DNA sample was digested with
acid DNase, aliquots were removed at different times,
and digestion was stopped. The reciprocal molecular
weights of these samples are given by the lower set of
points. Samples were then heat denatured; their reci-
proocael molecular weights after thermal treatment are
given by the upper set of points. From Bernardi and
Sadron (85) |

Scheme of degradation of DNA by difunctional alkylating
agents. From Brookes and Lawley (97)

Fragment size distributions in the 30-, 90- and 160~
minute digestion products of "whole" T5 DNA molecules.
The smooth curves are the best-fit theoretical distri-
butions calculated on the basis of random scission cor—
responding to 97, 231 and 832 scissions per original
40-u molecule. For the 160-minute histogram the number
scale is three times that shown. From Mac Hattie,
Bernardi and Thomas (99).



Fig.9 Variation of radius of gyration (RZ) with weight-average

Fig.10

Fig.11

molecular weight (Mw) Tor DNA samples digested with
acid DNase (circles). Circled points are data by Doty
et al (102); points data of Lett and Stacey (103) .From
Bernardi and Sadron (84)

Variation of intrinsic viscosity (n) and sedimentation

constants (s) with welght-average molecular weight(Mw)

for DNA samples digested with acid DNase. From Bernardi
and Sadron (84)

Acid-soluble oligonucleotide liberation (circles;}left-
hand ordinate; values not corrected for the 2:3 dilution
with percihloric acid), and hyperchromicity (points;right—
hand ordinate), obtained upon digestion of calf thymus
DNA with acid DNage. Digestion was carried out at 30°,
Silica cells with a 0.1 -= cm optical path were used in
the experiment on hyperchromicity, in order to wwork
with the same DNA solution (A26O=7.52) used in the acid-
soluble~oligonucleotide determination. The three sets of
curves refer to three different enzyme concentrations.,
From Bernardi and Sadron (84)

Chromatography of an acid DNase digest (A; see Table I
and II of ref. 113 ) of calf thymus DNA (170 A271 units)
on a DEAE-cellulose (chloride)column (1.8 X 25.5 cm).

650 ml of DNA solution (A26O=8.88) in O.15 M acetate
buffer - 0.01 M EDTA pH 5.0 were digested with 20 ul of
DNase HS 11 (undiluted; Argp=1+14) for 1 hour at room
temperature; the sample was further digested with 10 ul
of enzyme for 15 hours at room temperature., The digest
was diluted with four volumes of water, adjusted to pH
8.0 and loaded. Elution was carried out with a linear
molarity gradient of NaCl: 0-0.3 M (2000 ml) in 7 M urea,
pPH 7.5 Fraction size, 8.5 ml; flow rate 50 ml/hour.

The continuous line indicates +the absorption at 271 mu;
the broken line the molerity gradient.loading was started
at fraction O. From Carrara and Bernardi (113).



Fige13 Chromatography of crude spleen nuclease II on DEAE-Sephadex
A-50 (Procedure C, Step I). 330ml of preparation H89(A280 =10.3;
260m =6.9) were loaded on a 8cm X 80cm column of DEAE-Sephadex

4-50 equilibrated with 0.05 M phosphate buffer (pH 6.8). This
buffer was also used to elute the first protein peak 0,5 M
phosphate buffer (pH 6.8), was loaded at the fraction indicated
by the arrow. 24-ml fractions were collected. The continuous line
indicates the absorption at 280 mu. Circles indicate the acid
deoxyribonuclease activity (right-hand scale). The broken line
indicates the ahsorption at 415 mu of cytochrome ¢ (left-hand
lnner scale). Fractions 50-65 were processed further. Acid and
basic ribonuclease, acid phosphomonoesterase and phosphodieste-
ra se and phosphodiesterase were also assayed; the results are
shown elsewhere (70,120) (from Bernardi, Bernardi and Chersi,118)

Fig,14 Chromatography of fractions 50-65 from Step I on hydroxyapa-
tite (Procedure C; Step II)., 370 ml (A280mu"1 48) were loaded
on a 2cm X 40cm column of hydroxyapatite equilibrated with 0.05M
phosphate buffer (pH 6.8)., A molarity gradient (0.05 to 0.5 M)
was started at the fraction indicated by the arrow; at fraction
120 the molarity of the effluent was 0.35. 24-ml fractions were
collected. The continuous line indicates the absorption at 280mu.,
Circles indicate the acid deoxyribonuclease activity (right-hand
scale). Cytochrome ¢ was eluted as a sharp peak centered on

ffractlon 86 (A415 —O 82; not shown in the figure). Acid ribo-
nuclease (squares; right-hand inner scale) and basic ribonuclease
(trlangles; left-hand inner scale) are also shown. Fractions
100~-115 were concentrated by freez-drying to about 70ml, filte-
red through a Sephadex G-25 column equilibrated with O. 075 M
phosphate buffer (pH 6.8) and processed further (from Bernardl,
Bernardi and Chersi,118),

Fig, 15 Chromatography of fractions 100-115 from Step II on CM_Se-
phadex C-50 (Procedure C; Step III), 115 ml (Bs80m=0+490) were
loaded on a column equilibrated with 0.05 M phosphate buffer



(pH 6.8). A molarity gradient (0.1 to 0.4 If) of phosphate buffer
(pH 6.8) was started at the fraction indicated with an arrow
(right-hand inner scale). 11-ml -actions were collected.. The
continuous linc indicates the absorption at 280 mu. Circles
indicate the acid deoxyribonuclease activity (right-hand outer
scale). Fractions 37-48 and 49-61 were processed further(From
‘Bernardi, Bernardi and Chersi, 118). |

B on CM-Sephadex C-50, 8 Aogomy Wnits of each acid deoxyribo-
nuclease (preparation HS 10) fractions A and B were loaded on
two 1 em X 100cm CM~Sephadex C-50 columns. A molarity gradient
(0.1-0.4 M) of phosphate buffer (pH 6.8) was started at fraction
I (right-hand inner scale). 3 ml fractions were collected.The
continuous line shows the absorption at 280 mu, Circles indicate
the deoxyribonuclease activity (right-hand outer scale).(from
Bernardi, Bernardi and Chersi, 118).

Fig§16 Rechromatography of acid deoxyribonuclease fractions A and

Fig, 17 DNase activity of acid DNase, as assayed by the acid~
%éoluble~oligonucleotide formation at u 0.15. Acetate buffer, 0-0;
acetate buffer + 0,01 M MgCl,, @-9; acetate buffer + 0.01 M
EDTA, © 7L s acetate buffer + 0.01 I NayS0,, ¥ - ;
acetate buffer + 0.01 M KH,PO,, 22 - & (from Bernardi and Griffé

Fig. 18 "Phosphodiesterase" activity of acid DNase as assayed on
Ca bis(p—nitrophenyl)phosphate 5> at u 0.15. Acetate buffer,
0-0; acetate buffer + 0,01 M Mg012 0-0; acetate buffer +
0.01 M EDTA, ® - @; succin ate buffer, (from Bernardi
and Griffé, 117). *

Fige19 Competitive inhibition of hog spleen acid DNase by yeast s-—
RNA. The number in parentheses indicate the mu moles of s—RNA
P/ml. (from Bernardi , 132).



Fig.20 Digestion of native calf thymus DNA by hog spleen acid
DNase. The three curves correspond to three different DNA
concentrations, 200 ug/2.5 ml (290 u M as DNA — P), 400 ug/2.5mL
(480 u M ag DNA~P) and 800 ug/2.5 ml (960 u M ag DNA — P),
Different symbols on the curves refer to different experiments.

(Bernardi G,, unpublished observations, 1964),

Fig.21 Sedimentation patterns of hog spleen acid DNage centrifuged
at 59,780 rev/min in a Spinco model E apparatus (a) In 0.15 M
acetate buffer pH 5.0 + 0,01 M-EDTA (after 122 min.). (b) In
acetate-EDTA + 4 M-urea-0,05 M-2 mer ptoethanol (after 76 min).
(¢) In acetate~EDTA + 8 M-urea-0.1 M-2-mercaptoethanol (after
93 min). Bxperiment (a) was carried out in & conventional cell;
experiments (b) and (c¢) in synthetic boundary cells; the posi-
tion of the starting boundary is indicated by the broken line.
The sedimentation coefficients of the enzyme in acetate-EDTA
and of the fast component in 4 M-urea were close to 2.8 8
(c=1%); those of the enzyme in 8 l-urea and of the slow com-
porent in 4 M-urea were close to 0.8 S (from Bernardi, 138).

Fig,22 Electrophoresis~chromatography of trypsin peptides ob-
tained from reduced and carboxymethylated hog spleen acid DNase.
Arginine~containing peptides are marked A (from Bernardi,
Appella and Zito, 126). f

Fige23 Velocity , V, of hydrolysis at 37°C of DNA (open circles)

~and bis (p-nitrophenyl) phosphate (closed circles) by hog spleen
acid DNase at different substrate (8) concentrations.

V is given in moles of acid-soluble nucleotides phosphorus
liberated in 15 min. (DNA) or of p-nitrophenol liberated in

120 min. (synthetic substrate). The enzyme concentration‘used

in the DNase assay was about 100 times lower than that in the
phosphodiesterase assay. Substrate concentrations higher than
those shown in the Figure were not used because of substrate
inhibition in the case of DNA, or low solubility in the case of

bis (p-nitrophenyl) phosphate (from Bernardi, 138).
Fig.24 Model of acid DNase. Fromonod -et a1l .(140).
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